Introduction
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is the most potent and prevalent nitrosamine procarcinogen in cigarette smoke and has been used extensively to study tobacco carcinogen-induced lung tumors in mice (1) . Cytochrome P450 CYP2A enzymes cause a-hydroxylation of NNK to form reactive intermediates, which can interact with DNA to produce mutations (1) . All P450 enzymes require cytochrome P450 reductase (CPR) as an electron donor. Genetic deletion of Cpr in mouse lung decreases NNK-induced lung tumorigenesis, suggesting that lung tumors result primarily from lung-specific generation of carcinogenic NNK metabolites (2) . Consistent with this, genetic polymorphisms that decrease enzymatic activity of human CYP2A13, the predominant CYP2A isoform in lung, correlate with a 4-to 5-fold decrease in lung cancer risk in smokers (3, 4) .
The A/J mouse strain is the most commonly used strain for studies of lung tumorigenesis due to its high propensity for both spontaneous and carcinogen-induced lung tumor formation. K-ras is the main lung tumor susceptibility allele in A/J mice (5) . Many genetically engineered mice have been generated in strains other than A/J. To make genetically engineered mice susceptible to lung tumorigenesis, they have been backcrossed to A/J (2, 6) . Here, we have used this approach to investigate the requirement for each of the three Akt isoforms in NNK-induced lung carcinogenesis.
Although the results for Akt1 or Akt3 deletion were consistent across mouse models (7) , the results with Akt2 deletion were inconsistent. Akt2À/À mice developed 90% fewer NNK-induced lung tumors than their þ/þ littermates. However, in a genetic model of mutant K-ras-induced lung tumorigenesis, latent-activatable K-ras ( LA2 ) (8) , Akt2À/À mice did not show any decrease in lung tumor formation. Akt2À/À mice also did not develop fewer lung tumors in response to urethane, which also induces mutant K-ras-dependent lung tumors (9) . Loss of Akt2 did not decrease systemic elimination of NNK but did decrease NNK-induced O 6 -methylguanine (O 6 -mG) DNA adducts and decreased in vitro bioactivation of NNK by lung microsomes. Despite the apparent association with loss of Akt2, the decrease in NNK-induced lung tumorigenesis and associated lung metabolism and DNA adducts in Akt2À/À mice is attributable to the very tightly linked Cyp2a5 locus. The Akt2À/À Cyp2a5 is derived from the 129 strain used to generate the genetically engineered mice. This strain carries a polymorphism in Cyp2a5 that leads to a one amino acid change in the protein relative to the A/J strain. In the absence of any Akt2 alteration, the A/J polymorphism segregates with NNK-induced lung tumor susceptibility and correlates with increased NNK metabolism by lung microsomes. These data not only clarify the minimal involvement of Akt2 in lung carcinogenesis in mouse models but also support a cause and effect relationship between Cyp2a polymorphisms that alter lung CYP2A activity and tobacco-induced lung cancer.
Materials and methods

Mouse husbandry and treatment
All experiments were done under an NIH approved animal study protocol. NIH is an AAALAC-certified facility. Mice were housed in plexiglas cages with water and NIH31 diet provided ad libitum. Akt2À/À mice (10) on a C57BL/6 background were a generous gift from Dr Morris Birnbaum. These mice were backcrossed twice with A/J mice, which are susceptible to lung tumorigenesis induced by NNK treatment. Progeny from subsequent Akt2þ/À intercrosses carried two copies of the wild-type A/J K-ras allele and are referred to as A/J-N2. Akt2þ/À(A/J-N2) were also backcrossed for six additional generations to A/J to generate mice in a nearly pure A/J background (designated A/J-N8). Akt2þ/À (A/J-N2 and A/J-N8) intercrosses were used to generate littermates for carcinogen-induced lung tumorigenesis studies. Mice were injected intraperitoneally with 3 weekly doses of NNK (Toronto Research Chemicals, Toronto, Canada) at 100 mg/kg beginning at 6 weeks of age. Urethane was administered intraperitoneally as a single dose (1000 mg/kg). A/J-N2 Akt2À/À mice were also crossed with K-ras LA2 mice (8) to generate K-ras LA2 mice with varying Akt2 genotypes. At 22 weeks of age for mice on carcinogen studies or 8 weeks of age for Kras LA2 studies, mice were killed by cervical dislocation and lungs were inflated and fixed with 10% neutral-buffered formalin. The following day, the lobes of the lung were separated and surface lung tumors were counted and measured using a dissecting microscope fitted with a micrometer. Data were analyzed using Prism (GraphPad Software, San Diego, CA) using unpaired t-tests.
Genotyping and marker identification
Genotypes were determined by polymerase chain reaction (PCR) on DNA from tail clips. Briefly, 5 mm of the tail tip was lysed overnight in 100 ll of 100 mM Tris, pH 8, 5 mM ethylenediaminetetraacetic acid, 0.2% sodium dodecyl sulfate, 200 mM NaCl and 100 lg/ml proteinase K. The following day, 300 ll of water was added, and samples were boiled for 10 min before PCR, for which 1 ll was used for each sample. For Akt2 genotyping, primers used were: wt, 5#-GCACCTTCGGCAAGGTCA-3#; common, 5#-GCTGTTGCCTCCTAAACTCTGT-3#; mutant, 5#-GCATGCTCCAGACTG-CCTT-3#. Fragment sizes are 237 bp for the Akt2 wt and 170 bp for the Akt2 mutant. K-ras allele strain contribution was determined by PCR for K-ras_37 (http://www.informatics.jax.org/searches/probe.cgi?803644). Strain contribution of chromosome 7 was determined using PCR for microsatellite markers as described in Table I using A/J, 129 and C57BL/6 DNA as controls (PCR fragments predicted from: http://www.informatics.jax.org/searches/polymorphism_ form.shtml).
To detect strain contribution of the Cyp2a5 allele in Akt2 carcinogenesis studies, PCR on Cyp2a5 was performed using primers 5#-TTCTCCTTCTTGCCCTCCTGTTAG-3# and 5#-TCCACTTACCGTTC-GTCTTCCG-3#. The resulting product was digested with MboII, which generated fragments of 254 bp for the A/J strain or 153 and 101 bp for the 129 strain. The Cyp2a5 polymorphism was verified by sequencing the same PCR product from A/J, 129, C57BL/6, Akt2þ/þ and Akt2À/À DNA.
Immunoblot analysis
Lung or liver tissue was homogenized with a dounce homogenizer in 125 mM Tris, pH 6.8, 20% glycerol and 4% sodium dodecyl sulfate. Lysates were spun at 9000 g for 10 min at 25°C and the supernatant collected. 25 lg of protein was boiled in 5% b-mercaptoethanol, size separated on 12-16% Bis-Tris polyacrylamide gels (Bio-Rad, Hercules, CA) and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). Membranes were incubated with antibodies to pan-CYP2A (sc-3214; Santa Cruz Biotechnology, Santa Cruz, CA), b-actin (CP01; Oncogene Research Products, Boston, MA) or Gapdh (sc-67165; Santa Cruz Biotechnology). Blots were processed and scanned and signal intensity quantified on an Odyssey infrared imaging system (LI-Cor Biosciences, Lincoln, NE) as described previously (6) . -CD 3 -dG) were the same as described previously (2) . All solvents (acetonitrile, methanol and water) were of high-performance liquid chromatography grade (ThermoFisher Scientific, Waltham, MA).
In vitro metabolism of NNK by mouse lung and liver microsomes Liver and lung tissues were homogenized with a dounce homogenizer in 5 vol (ml/g) of 320 mM sucrose, 50 mM potassium phosphate, 1 mM ethylenediaminetetraacetic acid, pH 7.4, with protease inhibitors (P8340; Sigma-Aldrich). Samples were spun at 9000 g for 20 min at 4°C and the supernatant was pelleted at 200 000 g for 60 min at 4°C. Microsomal pellets were resuspended in 100 mM potassium phosphate, 20% glycerol, 1 mM ethylenediaminetetraacetic acid, pH 7.4 with protease inhibitors. Assay conditions for microsomal metabolism of NNK were modified from a previous protocol (11); reaction mixtures contained 100 mM potassium phosphate buffer, pH 7.4, 10 lM NNK, 0.2 mg/ml lung and liver microsomal protein, 5 mM sodium bisulfite and 1.0 mM NADPH in a final volume of 0.2 ml. Reactions were carried out at 37°C for 15 min or 30 min, for liver and lung microsomes, respectively, and were terminated by the addition of 0.2 ml acetonitrile. D 4 -NNK (1 ng) was added to the incubation mixture as the internal standard, followed by removal of denatured proteins through centrifugation. The supernatant was analyzed using an LC-MS system consisting of an Agilent 1200 Series high-performance liquid chromatography and an ABI 4000 Q-Trap mass spectrometer (Applied Biosystem, Foster City, CA). The chromatographic separation of metabolites was achieved on a 5-lm Gemini C18 (100 Â 2.0 mm) column (Phenomenex, Torrance, CA). The mobile phase consisted of solvent A (0.05% formic acid in water) and solvent B (0.05% formic acid in acetonitrile). The samples were eluted, at a flow rate of 0.25 ml/min, with 100% A for 2 min, followed by linear increases from 0% B to 100% B between 2 and 10 min and then 100% B for a further 2.5 min. The rates of formation of the three major NNK metabolites were determined. The parent/product ion pairs m/z 166/106 (for HPB), 246/164 (for bisulfite-trapped OPB), 224/177 (for NNK-Noxide) and 212/126 (for internal standard) were monitored in the multiple reaction monitoring scan mode. The MS was operated in a positive ion mode with electrospray ionization source. The parameters for the chamber were: curtain gas, 30 psig; heated nebulizer temperature, 350°C; ion spray voltage, 4500 V; nebulizer gas, 50 psig; turbo gas, 50 psig, declustering potential, 50 V and entrance potential, 10 V. For preparation of calibration curves, boiled microsome was used for incubation with authentic standards of OPB, HPB and NNK-Noxide in the presence of 5 mM sodium bisulfite.
Determination of tissue O
6
-mG levels Genomic DNA was isolated from liver and lung tissues and hydrolyzed in 0.1 N HCl, followed by the addition of 1 ng of internal standard (O 6 -CD 3 -dG) as previously described previously (2) . After the hydrolysis, the reaction mixtures were neutralized, by the addition of 1.5 vol of 0.1 N NH 3 OH and then a small aliquot was removed for guanine determination, using high-performance liquid chromatography, as described previously (2) . The remaining portion of the reaction mixtures was used for O 6 -mG determination, using the same instrument and column as described above. The samples were eluted at a flow rate of 0.25 ml/min, with solvent A (water) and solvent B (acetonitrile); the column was equilibrated with 100% A for 1 min, and the solvent gradient consisted of linear increases from 0% B to 100% B, between 1 and 5 min, followed by a wash at 100% B for 3 min. The MS was operated in the positive ion mode, using electrospray ionization. The parent/product ion pairs of m/z 166/149 (for O 6 -mG) and 169/152 (O 6 -CD 3 -G) were monitored in the multiple reaction monitoring scan mode. Liver and lung DNA from untreated mouse was used for the preparation of the calibration curves. The parameters for the chamber were as follows: curtain gas, 30 psig; heated nebulizer temperature, 350°C; ion spray voltage, 4500 V; nebulizer gas, 50 psig; turbo gas, 50 psig, declustering potential, 50 V and entrance potential, 10 V.
Results
The role of Akt2 in mutant K-ras-induced lung tumorigenesis was investigated using carcinogen-driven and genetic models. Akt2À/À mice in a lung tumor resistant C57BL6 background were crossed twice with lung tumor susceptible A/J mice to generate Akt2þ/À mice carrying two copies of the A/J K-ras gene and lung tumor susceptibility. Akt2À/À and Akt2þ/À mice in this A/J-N2 background developed 89 and 83% fewer NNK-induced lung tumors than their þ/þ littermates, respectively ( Figure 1A ). However, Akt2À/ÀK-ras LA2 mice did not develop fewer lung tumors than their Akt2þ/þK-ras LA2 littermates ( Figure 1B ). Since NNK metabolism was thought to have a possible role in the differences observed with the NNK tumor model, a third tumor model was used in which urethane induces K-ras mutations leading to lung tumors. However, urethane is metabolized by different mechanisms than that for NNK; therefore, the urethane tumor model is useful for delineating the effects of NNKspecific metabolism on lung tumorigenesis. Akt2À/À mice developed more urethane-induced lung tumors than their þ/þ littermates ( Figure  1C ). These data suggested that Akt2 is not a general requirement for mutant K-ras-mediated lung tumorigenesis but may be specific for the tumorigenic response to NNK.
Because Akt2 is tightly linked to the Cyp2a locus that encompasses Cyp2a4, Cyp2a5 and Cyp2a12, we hypothesized that genetic deletion of Akt2 might alter CYP2A expression. CYP2A protein levels were determined in liver and lung by immunoblotting. The CYP2A antibody detects all three CYP2A isoforms, which are all expressed in the liver, whereas CYP2A5 is the only CYP2A isoform expressed in the lung (12) . No differences in CYP2A expression were observed for lungs or liver among Akt2À/À, þ/À and þ/þ mice (Figure 2 ), which shows that Akt2 loss does not affect levels of CYP2A5 protein expression in the lung or levels of CYP2A protein expression in the liver. To evaluate the loss of Akt2 on NNK absorption and elimination, A/J-N2 mice were treated with NNK, and plasma was taken at defined time points to measure levels of NNK and its procarcinogen metabolite, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol. Up to 4 h after injection, levels of NNK and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol did not differ between Akt2À/À and þ/þ mice ( Figure 3A ). This suggested that systemic metabolism of NNK was not altered in Akt2À/À mice. However, analyses of DNA from lung tissues from these same mice showed that Akt2À/À mice contained fewer NNK-induced O 6 -mG DNA adducts than Akt2þ/þ mice ( Figure 3B , supplementary Table S1 is available at Carcinogenesis Online). O 6 -mG DNA adducts were not detected in tissues from saline-treated mice (data not shown).
NNK is metabolized in tissues to form both inactive compounds as well as reactive intermediates that can cause DNA mutations. In vitro metabolism of NNK was investigated in microsomes isolated from lung and liver tissues of Akt2À/À, þ/À and þ/þ mice in a nearly pure (N8) A/J background (supplementary Fig. S1 is available at Carcinogenesis Online). Akt2À/À lung microsomes showed decreased rates of NNK metabolism to OPB, a trapped reactive intermediate, compared with Akt2þ/þ microsomes. Akt2þ/À lung microsomes showed intermediate rates ( Figure 4A ). There were no differences in lung microsomal metabolism of NNK to HPB or N-oxide or in metabolism to any product in the liver microsomes (supplementary Table S2 is available at Carcinogenesis Online). The differing results for the formation of the three NNK metabolites in the lung are consistent with the fact that tumorigenesis correlates with metabolism to OPB, but not to HPB or N-oxide, and with the notion that OPB represents the major carcinogenic metabolite of NNK (1) . In that regard, the different NNK metabolites are known to be preferentially formed by different CY-P2A enzymes. Although CYP2A5 is expressed in both liver and lung, certain other CYP2 enzymes capable of metabolizing NNK, such as CYP2A4, show liver-specific expression.
Consistent with the in vitro data, decreased levels of NNK-induced O 6 -mG DNA adducts were found in A/J-N8 Akt2À/À and Akt2þ/À lungs ( Figure 4B ). In contrast, there was no difference in the levels of liver O 6 -mG adducts among the genotypes (supplementary Table S3 is available at Carcinogenesis Online). In the A/J-N8 background, Akt2À/À and Akt2þ/À mice still developed fewer NNK-induced lung tumors ( Figure 4C ), confirming the role of the Akt2 locus in NNKinduced tumorigenesis. The reproducibility of the A/J-N2 data in the A/J-N8 mice suggests that the locus-surrounding Akt2 alone is responsible for the differences observed in NNK metabolism in vitro, and NNK-induced DNA adduct formation and tumorigenesis in vivo.
Lung-specific metabolism of NNK was correlated with NNKinduced DNA adducts and NNK-induced tumorigenesis in Akt2 mice. Thus, potential effects of Akt2 deletion on NNK metabolism were investigated. The cytochrome P450 enzymes of the CYP2A subfamily are known to metabolize NNK (13) and CYP2A5 is the only mouse CYP2A expressed in the lung (12) . Therefore, CYP2A5 was investigated further in Akt2À/À mice. Akt2 deletion did not alter CYP2A5 expression in the lung or CYP2A (4, 5 and 12) expression in the liver (Figure 2 ). Akt2 and Cyp2a5 are tightly linked on mouse chromosome 7 at 28.4 and 27.6 Mbp, respectively. A polymorphism in Cyp2a5 between Akt2À/À and þ/þ mice was predicted based on the strains used to generate the Akt2À/À mice and strains to which they had been backcrossed (Table I) . Akt2À/À mice were generated using the 129 strain which carries one Cyp2a5 coding region polymorphism relative to the A/J strain; the polymorphism results in one amino acid change (http://www.informatics.jax.org/javawi2/servlet/WIFetch?page5snp Detail&key54165313). The A/J strain was predicted to carry A117, whereas the 129 strain was predicted to carry V117 (supplementary Figure S3 is available at Carcinogenesis Online). In human CYP2A13, changing A117 to V117 decreased in vitro metabolism of NNK (14) . An analysis of strain contribution of Cyp2a5 was done using PCR for microsatellite markers that differed between strains (Table I) . Markers for D7Mit230, D7Mit238 and D7Mit71 (from 57 to 153 Mbp) were the same for both genotypes. However, D7Mit267 (at 30.3 Mbp) showed an A/J contribution in the Akt2þ/þ and a 129 contribution in the Akt2À/À. The strain contribution of the Cyp2a5 gene was further verified using PCR/restriction enzyme digestion (as described in Materials and Methods), and the Cyp2a5 polymorphism was verified in Akt2À/À and Akt2þ/þ mice by sequencing a PCR product encompassing the polymorphism. All Akt2À/À mice carried the 117V allele, whereas all Akt2þ/þ mice carried the 117A allele (data not shown).
Since Akt2À/À mice carry both Akt2 deletion and CYP2A5-A117V, the Akt2 deletion was a confounding factor in the analysis of the effect of CYP2A5 polymorphism on lung tumorigenesis. Therefore, additional studies were undertaken using A/J and 129 strains in the absence of any Akt2 alteration. Lung microsomes from 129 mice showed decreased NNK metabolism to OPB compared with the A/J strain ( Figure 5A and supplementary Table S4 is available at Carcinogenesis Online). Since CYP2A5 is the only CYP2A in lung microsomes, this suggested that the altered NNK metabolism was due to the A117V polymorphism. NNK-induced tumorigenesis was then compared in A/J and 129 strains and in F1, F2 and F3 crosses. Pure 129 mice did not develop NNK-induced lung tumors, whereas A/J mice developed an average of 24 tumors per mouse ( Figure 5B ). The F1 cross of A/J and 129 developed less than one lung tumor per mouse. F1 were crossed with A/J to generate F2 mice, and F2 mice were again crossed with A/J to generate F3 mice. Both F2 and F3 mice carry either two copies of the A/J Cyp2a5 or one each from A/J and 129. Collectively, F2 and F3 mice developed an average of eight lung tumors per mouse. However, when either F2 or F3 mice were stratified based on Cyp2a5 allele, mice with one 129 and one A/J allele had significantly fewer lung tumors than mice with two A/J alleles ( Figure 5B) . Therefore, the 129 Cyp2a5 allele segregates with relative NNK-induced lung tumor resistance. Fig. 1 . Mutant K-ras-driven lung tumorigenesis in different mouse models is not strictly dependent on Akt2. A/J-N2 mice were treated with NNK or urethane as described in Methods or were untreated (LA2 model). The number (means ± SEM) of surface lung tumors per mouse is shown for each given Akt2 genotype. Mice per group:
NNK-induced lung tumorigenesis in mice Fig. 2 . Akt2 deletion does not affect CYP2A protein levels in the lung or liver. Tissue homogenates (25 lg protein each) were analyzed on western blots probed with a pan-CYP2A antibody. Each lane is from one mouse liver or lung. Gapdh or b-actin was analyzed as a loading control. ' a ', CYP2A expression was normalized to Gapdh or b-actin levels and averaged for each tissue by genotype (males and females combined). Differences were not significant for all pairwise comparisons for both lung and liver. 
Discussion
Decreased metabolism/activation of the tobacco carcinogen, NNK, can confer resistance to NNK-induced lung cancer in mice (2, 15) . In humans, polymorphisms in CYP2A13, encoding the primary lung-specific cytochrome P450 that metabolizes NNK (16), affects lung cancer risk. In particular, a polymorphism that decreases NNK metabolism by CYP2A13 in vitro decreased lung cancer risk by nearly 5-fold in smokers (3, 4) . Despite these intriguing human epidemiological studies, there have been no mouse studies showing that polymorphisms in CYP2A activity contribute to tobacco carcinogen-induced lung cancer.
Our studies identify a Cyp2a5 polymorphism that correlates with tobacco carcinogen-induced lung cancer risk in 129 and A/J mice. This polymorphism has been described in other strains and can alter metabolism of coumarin (17) . In susceptible A/J mice, this polymorphism results in an alanine at amino acid 117 (117A), whereas in the resistant 129 mice, valine is at amino acid 117 (117V). Comparison with human CYP2A enzymes revealed that 117A is found in CYP2A13, the primary lung expressed CYP2A in humans. In contrast, 117V is found in CYP2A6 (supplementary Figure S3 is available at Carcinogenesis Online), which is expressed primarily in liver, and shows decreased efficiency in the bioactivation of NNK in vitro. In fact, site-directed mutation of CYP2A13 to generate 117V decreases NNK metabolic activation in vitro (14) . In lung microsomes, which express CYP2A5, NNK metabolism was decreased in the 129 strain with CYP2A5-117V, compared with the A/J strain with CYP2A5-117A ( Figure 5A ). This is consistent with a cause and effect relationship between decreased lung-specific metabolism/activation of NNK and resistance to tobacco-induced lung tumors.
Notably, CYP2A5 from the C57BL/6 strain, which is resistant to NNK-induced lung tumorigenesis, carries 117A, as in A/J. Previously, a significant difference in the rates of NNK metabolic activation and formation of O 6 -mG in the lungs was not found between C57BL/6 and A/J mice (18) , which is consistent with the present finding on the association of the 117A/V polymorphisms with NNK metabolic activation in the lungs of 129 and A/J mice. The apparent non-association of the 117A Cyp2a5 allele with lung tumor susceptibility in the B6 mice may be explained by the presence of a carcinogen-independent lung tumor resistant K-ras allele (19) .
In contrast to NNK-induced lung tumorigenesis, the number of urethane-induced lung tumors in Akt2-/À mice was 74% higher in the A/J-N2 background ( Figure 1C ) and 37% higher in the A/J-N8 background (supplementary Figure S2 is available at Carcinogenesis Online) than in Akt2þ/þ mice. The reason for this increase in susceptibility to urethane-induced lung tumors is not clear. Bioactivation of urethane involves CYP2E1, as Cyp2e1À/À mice exhibit decreased urethane metabolism in vivo and are relatively resistant to urethane-induced lung tumors (20, 21) . Although CYP2A5 levels were found to be decreased in the liver of Cyp2e1À/À mice (22), it is not yet known whether CYP2A5 can metabolize urethane. Thus, in view of the results presented here, it will be interesting to determine whether CYP2A5 is involved in the bioactivation and subsequent lung tumorigenesis following urethane exposure. If CYP2A5 is involved in urethane metabolism, then the 129-derived CYP2A5 (117V) would appear to confer decreased susceptibility to NNK induced but increased susceptibility to urethane-induced lung carcinogenesis when compared with the A/J-derived CYP2A5 (117A). It is tempting to speculate that the CYP2A5-A117V polymorphism has opposing effects on NNK and urethane metabolism, a situation analogous to the previous report that mutation of 117V to 117A decreased CYP2A5#s coumarin-hydroxylase activity but increased its steroid-15a-hydroxylase activity (23) .
The observation that a relatively small difference in NNK metabolic rate can lead to substantial differences in NNK-induced lung tumor incidence mirrors the reported association of the CYP2A13 Ã 2 allele, which is characterized by a mild decrease in metabolic activity toward NNK and in gene expression (11, 24) , with significantly lowered lung cancer incidence in human smokers (3) . The disparate differences in lung microsomal NNK bioactivation and in NNK-induced tumor multiplicity between WT and Akt2À/À mice may be explained by the threshold effect in NNK tumorigenesis. This threshold effect might also explain the intermediate response of the Akt2þ/À mice in NNK metabolic activation and DNA adduct formation coupled with a profound effect on lung tumor multiplicity (Figure 4 ). Lower levels of NNK bioactivation may lead to DNA adduct levels that are insufficient to cause lung tumors due to efficient and timely repair. Only metabolic activation leading to adduct levels above this capacity for repair would lead to tumor formation. In A/J mice, it was reported that NNK doses of ,2 lmol/mouse ($20 mg/kg, for a single intraperitoneal injection) were only very slightly tumorigenic if at all while lung tumor multiplicity increased dramatically at .3 lmol/mouse (25) . This threshold value for lung tumorigenesis by NNK is probably much higher in the 129 strain, due at least in part to the Cyp2a5 polymorphism.
In mice, multiple genome-wide association studies have identified loci associated with spontaneous or urethane-induced lung cancer risk. A recent study showed a significant correlation between spontaneous lung tumor incidence and urethane-induced lung tumor multiplicity (26) . That study identified a locus including K-ras, which is not surprising since both spontaneous and urethane-induced lung tumors NNK-induced lung tumorigenesis in mice in mice carry mutant K-ras, a known driver of lung tumorigenesis in mice and humans (8, 9, 27) . NNK-induced lung tumors are dependent on mutant K-ras as well. The finding that a Cyp2a5 polymorphism correlates with NNK-induced lung tumor susceptibility suggests that mouse genome-wide association studies done thus far may have missed at least some critical lung tumor susceptibility loci that have analogous human counterparts. This notion is also highlighted by the recent findings that polymorphisms in nicotine receptors (particularly nAchR5) increase lung cancer risk (28, 29, 30) . NNK, which is derived from nicotine, is known to bind to nAchR (31) but the cause and effect role of this receptor binding in tobacco-induced lung tumorigenesis is unclear.
A Cyp2a5 polymorphism predicting NNK-induced lung tumorigenesis was identified from studies of the role of Akt2 in mutant K-ras-mediated lung tumorigenesis in mice. Although initial studies using NNK suggested that Akt2 was required for lung tumorigenesis, this finding did not hold up with two other models of mutant K-ras-induced lung tumorigenesis. The polymorphism in Cyp2a5 was identified upon investigation of how Akt2 might influence the response to NNK. Although a direct role of Akt2 in the response to NNK has not been ruled out, the linkage of Akt2 to a Cyp2a5 polymorphism clearly is a major contributor to the phenotype observed. These studies highlight the need to utilize multiple mouse models for scientific studies and provide further evidence that great caution should be exercised when interpreting data using mice with mixed genetic backgrounds, even after extensive backcrossing.
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